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The separation of light olefins such as ethylene/ethane and propylene/propane from 
the off-gas of catalytic crackers is a key step in the petrochemical industry. The current 
method for these separations involves cryogenics. The US DOE has identified 
propylene/propane separation as the most energy-intensive single distillation process 
practiced commercially (Jarvelin and Fair, 1993). Thus, low-energy alternatives for these 
separations are highly desirable. Adsorption offers an attractive option due to its low 
energy demands. Pressure/Vacuum Swing Adsorption (PVSA) is a well-established 
technology for gas separation. Since commercial inception in 1950 (Ruthven et al., 1994), 
it has progressed much in size, versatility, and complexity. It can handle multicomponent 
separation and purification, and offers great flexibility in design and operation. 
In this study, first a non-isothermal micropore diffusion model has been developed to 
simulate kinetically controlled pressure swing adsorption (PSA) processes. In this model, 
micropore diffusivity depends on adsorbate concentration in the solid phase according to 
the chemical potential gradient as the driving force for diffusion. The model has been 
validated with published experimental data for the kinetically controlled separation of 
propylene/propane on 4A zeolite. Its performance has also been extensively compared 
with that of a bi-LDF model for the same system. The results clearly show that a non-
isothermal micropore diffusion model with concentration-dependent diffusivity is 
comprehensive and complete for kinetically selective systems. The conditions under 
which the bi-LDF model predictions may significantly deviate from those of the pore 
diffusion model have also been discussed. 
IX 
 
Second, separation of propylene/propane mixture with new 8-ring zeolite, pure silica 
chabazite (SiCHA), has been studied in this work. Since the diffusion of propane 
molecules in SiCHA is extremely slow, thus equilibrium information for propane has 
been indirectly estimated using available uptake data at 80 °C and 600 torr. Moreover, 
molecular simulation has been used to obtain equilibrium information of propylene and 
propane and verify our estimation. The ideal kinetic selectivity of propylene/propane 
mixture is ~28 at 80 °C, which increases with decreasing temperature. A 4-step, 
kinetically controlled pressure swing adsorption process has been suggested for this 
separation and studied in detail using the non-isothermal micropore diffusion model, 
developed and verified earlier. In this model, Langmuir isotherm represents adsorption 
equilibrium and micropore diffusivity depends on adsorbate concentration in the 
micropores according to chemical potential gradient as the driving force for diffusion. 
Finally this work compares 4A zeolite and a new 8-ring silica chabazite zeolite 
(SiCHA) for separating these in a simple pressure vacuum swing adsorption (PVSA) 
process. Our assessment is based on the simulation of a simple 4-step PVSA cycle with 
heavy reflux using a non-isothermal isobaric micropore diffusion model with 
concentration-dependent diffusivity developed by Khalighi et al. (2012). For both 
adsorbents, surrogate neuro-fuzzy models are developed using this rigorous simulation 
model and minimize energy consumptions and total annualized costs of the processes via 
a genetic algorithm (GA). If one neglects capital cost and bases the comparison of the 
two adsorbents on minimum energy consumption per tonne of propylene feed, then 4A 
zeolite seems better than SiCHA. However, this superiority of 4A zeolite comes at the 
cost of lower feed rate. Thus, if one bases the comparison on total annualized cost, then 
X 
 
this conclusion is surprisingly reversed, and SiCHA proves better than 4A zeolite. This 
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CHAPTER 1 INTRODUCTION 
 
The separation of olefin/paraffin mixtures resulting from the thermal or catalytic 
cracking of hydrocarbons is a crucial operation in the petrochemical industry. A 
practically relevant example is the separation of propylene/propane mixtures, which is of 
immense economic significance owing to the wide use of the separated propylene and 
propane. A major application of propylene is its use as the monomer feedstock for 
polypropylene elastomer, while applications of propane include recycling to the cracking 
step or being used separately for various purposes, such as fuel for engines, oxy-gas 
torches, barbecues, portable stoves and residential central heating. There are two main 
sources of propane/propylene mixtures: (1) 50/50 propylene/propane mixture from steam 
cracking of liquid feedstock and (2) 85/15 propylene/propane mixture from off-gases 
produced by the fluid catalytic cracking (FCC) units in refineries. The temperature of 
both streams is about 600-800 K and the pressure is 2-3 atm. 
The conventional method for separating a propylene/propane mixture is cryogenic 
distillation (Eldrige, 1993). However, as the relative volatility of the mixture is close to 
unity (1.09-1.15), the process requires many (> 100) contacting stages and large energy 
input for maintaining high reflux ratios (Ruthven and Reyes, 2007). Cryogenic 
distillation consumes over 20 GJ of energy per tonne of propylene produced (Imtex, 
2009). It uses non-renewable energy resources and emits significant greenhouse gases 
(GHGs) and criteria air contaminants (CACs). The U.S. Department of Energy has 
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where Xi and Yi are the mole fraction of component i in adsorbent and fluid phase at 
equilibrium, respectively. The search for a suitable adsorbent is the first step in the 
development an adsorption separation process. Since, the separation factor usually varies 
with temperature and sometimes with composition; the choice of proper conditions to 
maximize the separation factor is important consideration in process design. The 
separation factor for an ideal Langmuir system is independent of composition and equal 
to the ratio of the Henry’s law constants of the two components (Eq. 1.2).  






=    
 (1.2) 
 The kinetic separations are usually possible with molecular sieve adsorbents such as 
zeolites or carbon sieves (Ruthven, 1984). The kinetic selectivity is measured by the ratio 
of micropore diffusivities for the relevant components. The definition of the separation 
factor in kinetically controlled process is given by Eq.1.3. It is clear that kinetic 




















         
=          
 (1.3) 
where qc and qc* are adsorbed phase concentration and equilibrium adsorbed phase 
concentration in micropore and c0 gas concentration in the external fluid phase. Eq.1.3 
can be reduced to Eq.1.4 by the following assumptions: (1) short contact times, (2) 
uncoupled diffusion, (3) linear or Langmuir isotherm. Moreover, the ideal kinetic 
selectivity can be calculated using Eq.1.4 and it only accounts for the loading in the 
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365092), Hasche and Dargan (US 1794377), and Perley (US 1896916) from 1930 to 
1933. Some of the major commercial PSA processes are: 
1- Air fractionation (production of O2 and N2 enriched air). 
2- Production of H2 and CO2 from steam-methane re-former (SMR) off-gas. 
3- Production of CH4 and CO2 from landfill gas. 
4- Gas desulfurization (CH4 from H2S). 
All adsorption separation processes involve two principal steps: 1) Adsorption: 
During this step, preferentially adsorbed species are picked up from the feed. 2) 
Desorption: During this step, these species are removed from the adsorbent (Ruthven et 
al., 1994). 
A typical PSA system involves a cyclic process where a number of connected vessels 
containing adsorbent material undergo successive pressurization and depressurization 
steps in order to produce a continuous stream of purified product gas. A necessary 
characteristic of a PSA process is that the preferentially adsorbed species are removed by 
reducing the total pressure, rather than by raising the temperature (thermal swing 
adsorption) or purging with a displacing agent. Figure  1.4 shows a schematic of the basic 
difference between PSA and TSA operation. The main advantage of PSA, relative to 
other types of adsorption processes such as thermal swing, is that the pressure can change 
more rapidly than the temperature. Thus, PSA process offers a faster cycle and thereby 
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controlled process, by slow equilibration with consequent evolution of the slower-
diffusing sorbate; 
5- Pressure equalization (which is used in many cycles, prior to the blowdown step, 
to conserve energy and separative work); 
6- Rinse (purging with the preferentially adsorbed species at high pressure, 
following the adsorption step). 
One cycle of a PSA process may contain some or all of the above steps. Each step 
has a duration and the cycle time is the total duration of all steps. PSA systems are 
typically operated at a cyclic steady state (CSS), which means that the temperature, mole 
fraction, and solid concentration of bed profiles are identical at the beginning and at the 
end of each cycle (Knaebel et al., 2005). The cyclic steady state can be reached after 
running some cycles. One of the most popular modes of operation is the Skarstrom cycle. 
In its basic form, it utilizes two packed adsorbent beds, as shown schematically in 
Figure  1.5. The following four steps involve the cycle: pressurization, adsorption, 
countercurrent blowdown and countercurrent purge. Both beds undergo these four 
operations and the sequence, as shown in Figure  1.6, is phased in such a way that a 
continuous flow of product is preserved. In step 1, bed 2 is pressurized to the higher 
operating pressure, with feed from the feed end, while bed 1 is blowdown to the 
atmospheric pressure in the opposite direction. In step 2, high-pressure feed flows 
through bed 2. The more strongly adsorbed component is recollected in the bed and a gas 
stream enriched in the less strongly adsorbed component leaves as effluent at a pressure 
only slightly below that of the feed. A fraction of the effluent stream is withdrawn as 
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This study used a new 8-ring pure silica zeolite, SiCHA, in the PSA process. 
Propylene/propane has high diffusivity ratio in this adsorbent suggesting that there is a 
good potential for kinetic-based separation of propylene/propane mixture using SiCHA. 
To simulate a PSA process, the kinetic and equilibrium information of the gas 
component is required. The kinetic and equilibrium measurements for propylene are 
available in the literature. However, equilibrium information for propane is not available, 
due to its very slow diffusion in the micropores of SiCHA. Therefore, in this work, 
equilibrium data of propane was extracted from available limited uptake data. Later, the 
estimates were confirmed by molecular simulation.  
Furthermore, a proper mass transfer model is required to simulate a PSA process. For 
SiCHA used as an adsorbent in this project, the appropriate model is kinetic selective 
base. A proper representative model for simulation of this system is a pore diffusion 
model. Moreover, olefin/paraffin separation is a highly non-isothermal process. 
Therefore, this study proposed a non-isothermal pore diffusion model to simulate the 
PSA process.  
Finally, this work compared 4A zeolite and SiCHA for separating propylene/propane 
mixture in pressure vacuum swing adsorption (PVSA) process. For both adsorbents, this 
study developed surrogate Network-based Fuzzy Inference System (ANFIS) using this 
rigorous simulation model and minimizes energy consumptions per tonne of propylene 
and total annualized costs of the processes via a genetic algorithm (GA). Since the non-
isothermal pore diffusion model is a complex and has highly nonlinear equations, instead 










































eport is as 
le literature
nts for this 
n addition, 
.  A non-is
ording to th








 on the se
separation, a







































































































et 99 mol% 





































t is a difficu







point.   
VIEW


























ne is the r
ilarly, 90%
orches, barb










































































ake up the w
ent adsorb




 is suitable 
priate for k
 are uncoupl
 the square r
he adsorbe
dsorb the fa

























tes can be m
. For instan







) they are n
17
ropylene


























































he type of 






 only by the
 joining ox
















































separation applications where chemical reactions should be avoided. Some important 
examples of these cation-free materials are pure silicates and aluminophosphates. Those 
of them whose diffusion of molecules is controlled through 8-ring window apertures are 
attractive for the separation of small hydrocarbons. A proper choice of a window size for 
the kinetic selectivity of a separation process can be enhanced by allowing some of the 
molecules to enter the structure more rapidly than the others (Hedin et al., 2008). 
Recently, several new cation-free 8-ring crystalline microporous materials have been 
investigated such as ITQ-3, SiCHA, DD3R, AlPO-14, ZSM-58, etc. Figure  2.1 shows 
diffusivity ratio of propylene/propane for different adsorbents changing by temperature 
(Grande et al., 2010a; Grande and Rodrigues, 2004; Olson et al., 2004). As seen in this 
figure, new adsorbent SiCHA, in particular, exhibits the highest diffusivity ratio (~ 410 ) 
for propylene over propane among the known adsorbents. SiCHA is a synthetic, pure 
silica zeolite having the chabazite (CHA) structure. SiCHA has higher diffusivity ratio 
among the other adsorbents that can be suggested to have a potential for kinetic 
separation. . Kinetic separation using this new adsorbent could be an attractive option for 
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(SDA), and its calcination to remove the guest organics. Apparently, the use of SDAs 
affords the required kinetic pathway and/or the additional stabilization energy that makes 
the synthesis feasible. Diaz-Cabanas et al. (1998) did some modification on their previous 
method and they successfully decreased the framework density from 17 SiO4/2 nm-3 to 
15.4 SiO2 nm-3. The new pure silica polymorph isostructural zeolite chabazite have the 
lowest ever reported framework density amongst these materials (14.6 T nm-3 for the type 
material, structure code CHA). 
The new pure silica chabazite sample was synthesized hydrothermally using N,N,N-
trimethyladamantammonium (TMAda+) in hydroxide form as the structure-directing 
agent at near to neutral pH in the presence of fluoride. In a typical synthesis 13.00 g of 
tetraethylorthosilicate were hydrolysed in 31.18 g of a 1.0 m TMAdaOH aqueous 
solution and the mixture was stirred to allow the ethanol and water to evaporate to a final 
H2O/SiO2 molar ratio of 3.0. Then, 1.33 g of HF (aq., 46.9%) was added and the mixture, 
which was homogenised by hand, was transferred to Teflon lined stainless steel 60 ml 
autoclaves. The autoclaves were heated at 150 °C whilst rotated at 60 rpm. After 40 h 
crystallisation time (pH = 8.5) the solid product was collected, washed and dried, and 
recognized as chabazite by powder X-ray diffraction (XRD). Its chemical analysis 
indicates a composition close to [C13H24NF0.5]3[Si36O72(OH)1.5] [Anal. Found: C, 17.49; H, 
2.98; N, 1.56; F, 1.06. The above composition requires: C, 16.78; H, 2.60; N, 1.51; F, 
1.02%]. A charge imbalance between F2 and TMAda+ suggests the presence of 
connectivity defects in this material. They have included 1.5 OH2 per uc in the above 
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propylene and propane through 8-ring of SiCHA. While SiCHA and DD3R have a very 
similar structure, thereby explaining why propylene diffuses faster than propane through 
SiCHA, Olson et al. (2004) have used the ter-Horst et al. (2002) study for DD3R. Ter-
Horst et al. (2002) to study the transport behavior of propylene and propane in DD3R 
molecules. They have reported that the minimum cross section of propene is smaller than 
propane through DD3R. Table  2-1 shows that the bond lengths and angles between the 
carbon atoms for propylene and propane are different.  
 
Table  2-1: Bond lengths and angles for propene and propane molecules in gas phase (ter Horst et 
al., 2002). 
Hydrocarbon C═C (Å) C—C (Å) (CCC) (°) 
Propylene 1.34 1.506 124.3 
propane  1.532 112 
 
Figure  2.5 shows the potential energy, Ep, as a function of the normal distance to the 
ring plane. When the mass center of both molecules approaches the ring plane, the higher 
Ep is required. When the mass center of both molecules is at a distance of about -2 Å, 
propylene can jump through the 8-membered oxygen ring with the CH3 group head on as 
shown in Figure  2.6. At the same distance only one CH3 group of propane crosses the 8-
membered oxygen ring while the CH2 group of propane still is positioned before the ring 
as we can see in Figure  2.7. This shows that propylene fits through the ring at lower ring 
energies than propane. It might be caused by larger van der Waals interactions between 
the ring and the CH2 group of propane compared to the CH group of propylene. It may 
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Rege et al. (1998) proposed a 4-step PSA process using a monolayer of AgNO3 
dispersed on silica gel substrate. This sorbent, monolayer AgNO3/SiO2, exhibited 
superior selective adsorption of propane through Π-complexation. They assumed equal 
time duration for all steps in their proposed 4-step PSA process. While they obtained 
99.1% propylene from an equimolar feed of propylene/propane, propylene recovery was 
quite low at 43.5%. In this study, they compared their result with kinetic separation using 
4A zeolite. They found that equilibrium separation of propylene/propane on AgNO3 
dispersed on SiO2 substrate was superior to kinetic separation on zeolite 4A. However, 
the recovery of their system was low.  
Among the commercial adsorbents, zeolite 4A exhibits the highest kinetic selectivity. 
Silva et al. (1999) studied the separation of propylene/propane on zeolite 13X and zeolite 
4A. While the former showed higher loading capacity and lower mass transfer resistance, 
the latter’s kinetic selectivity for propylene was at least one order of magnitude higher. 
From their study, macropore and micropore diffusion seemed to dominate mass transfer 
in zeolite 13X and zeolite 4A, respectively. Later, Da Silva and Rodrigues (2001b) 
proposed a 5-step PSA process using zeolite 4A and a 5-step VSA process using Zeolite 
13X. Both processes produced 97-98% pure propylene, but at only 17-26% recovery. 
Padin et al. (2000) studied 4-step PSA process using ALPO4-14 which has unique pore 
structure and separates propylene from propane sterically. They obtained 99% pure 
propylene from a 50/50 feed with 52% recovery. They also compared the separation 
results of ALPO4-14 with AgNO3/SiO2 and 4A zeolite adsorbents. Purity and recovery of 
propylene for AgNO3/SiO2 were respectively, 99.05% and 43.58% and for 4A zeolite 
were 99.97% and 23.59%. Therefore, ALPO4-14 showed higher recovery for 99% pure 
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propylene compared to 4A zeolite and AgNO3/SiO2. Grande et al. (2005) studied a 5-step 
PSA process using zeolite 4A extrudates. They used two mixtures with different 
propylene/propane ratios (54/46 and 85/15) diluted with 50% nitrogen. They assumed a 
bi-LDF approximation for mass transfer and included heat balance equations in their 
simulation. The 85/15 feed at 408 K gave the best performance with a simulated 
propylene purity of 99.43% and recovery of 84.3%. Recently, Grande et al. (2010b) 
proposed a new dual-unit VPSA technology for producing 99% pure polymer-grade 
propylene (PGP) with high recovery. They proposed two VPSA units in series using 
zeolite 4A with varying crystal sizes. They designed the upstream 3-column VPSA unit 
to produce PGP, while the downstream 2-column unit to produce pure propane. 
Propylene from the downstream unit was recycled to the upstream unit to enhance 
recovery. The proposed 2-stage VPSA process produced 99% PGP with 95.9% recovery 
of propylene. The power consumption of their 2-stage VPSA process was at least 20% 
higher than what would be required in the traditional cryogenic distillation. 
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found that their experimental estimates of Ω differed considerably from the predictions of 
a priori correlations developed by Nakao and Suzuki (1983) and Raghavan et al. (1986). 
These correlations were developed by forcing the LDF model solution to match the 
solution from the pore diffusion model based on constant diffusivity under different 
boundary conditions. 
Shin and Knaebel (1988) assumed constant diffusivity in their pore diffusion model 
for producing nitrogen via air separation on molecular sieve RS-10, a modified form of 
4A zeolite. However, the effective constant diffusivity values that gave overall best fits of 
their experimental PSA performance data over a wide range were different from the 
actual diffusivity values measured from low-concentration uptake experiments. 
To overcome the limitations arising from the assumptions of LDF and constant 
micropore diffusivity, Farooq and Ruthven (1991) developed a pore diffusion model in 
which micropore diffusivity varied with adsorbed concentration according to chemical 
potential gradient as the driving force for diffusion. They applied their model with 
concentration-dependent pore diffusivity to simulate high-purity nitrogen production 
from air on a CMS. While the models of Kapoor and Yang (1989) and Shin and Knaebel 
(1988) applied some degree of data fitting to improve the agreement between 
experimental and simulation results, the experimental results were predicted reasonably 
well by the approach of Farooq and Ruthven (1991) that involved no parameter fitting. It 
merely used the parameters established from independent unary equilibrium and uptake 
experiments. Farooq et al. (1993) further demonstrated the predictive ability of this 
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sequence, pressure levels, and durations. Thus, unlike a continuous plant, one cannot 
design a PVSA process without fixing or optimizing its operational details. Since the true 
test of an adsorbent lies in the CSS performance of its PVSA process, one cannot assess 
an adsorbent (or compare adsorbents) without finding the best PVSA process for that 
adsorbent. Thus, to compare 4A zeolite and SiCHA and identify the best, first the best 
PVSA process for each must be separately developed/designed. This highlights the need 
for a full-fledged synthesis and optimization (Agarwal et al., 2009; Haghpanah et al., 
2013b) of the relevant PVSA processes.  
 The full-fledged synthesis and optimization of a PVSA process is a major challenge 
for several reasons. Adsorption is a highly nonlinear phenomenon. Its modeling, 
simulation, and optimization in the context of a PVSA process involves repeated solution 
of complex hyperbolic partial differential and algebraic equations (PDAEs). This is 
extremely time-consuming and requires efficient numerical simulators (Haghpanah et al., 
2013a) and sophisticated optimization algorithms (Agarwal et al., 2010b). Many cycles of 
operation must be simulated to arrive at the cyclic steady state (CSS) describing the 
actual performance of a PVSA process at each point during optimization. 
 Several optimization studies (Biegler et al., 2005) using a variety of approaches for 
several practical separation problems (e.g. Agarwal et al. (2010a; 2010b; 2003) for CO2 
capture and concentration; Lewandowski et al. (1998) and Cruz et al. (2005; 2003) for air 
separation; Nikolic et al. (2009) for hydrogen recovery) exist in the literature, but none on 
propylene/propane separation. As shown in Figure  2.11, Biegler et al. (2005) classified 
the various optimization approaches into four groups: 1) Simplified, 2) Black-box, 3) 
Equation-oriented, and 4) Simultaneous tailored as illustrated in Figure  2.11. While the 
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simplified approach of Smith IV and Westerberg (1990) assumes a sequence of bed 
operations and bed design parameters such as bed length and pressure levels to find the 
minimum number of beds and a cyclic operating schedule, the other approaches address 
much wider and varying scopes for the design, operation, and optimization. 
 The black-box approach is essentially simulation-based optimization (Subramanian 
et al., 2000; Varma et al., 2008), in which a series of separate (black-box) simulations of 
a PVSA process guides the optimization algorithm. The simulations may involve either a 
fully rigorous model of the PVSA process, or an approximate or surrogate model derived 
and updated with continuous help from the rigorous model. For instance, Kapoor and 
Yang (1988) used polynomial expressions to fit the outputs (product purities and 
recoveries) of a rigorous simulation model in terms of the inputs (feed pressure, 
depressurization pressure, and throughput) for CO-H2 separation. Lewandowski et al. 
(1998) developed an Artificial Neural Network (ANN) model for the separation of 
nitrogen from air, and used a nonlinear programming approach to minimize the cost of 
producing nitrogen. Other surrogate models such as ANFIS (Adaptive Network-based 
Fuzzy Inference System) and Kriging (Agarwal et al., 2009; Biegler and Lang, 2012; 
Caballero and Grossmann, 2008; Faruque Hasan et al., 2011; Lang et al., 2011) are also 
attracting increasing attention. The black-box approaches have one major disadvantage.  
The details of process dynamics are not fully integrated within or transparent to the 
optimization algorithm. While this does reduce the complexity of the optimization model, 
it compromises the nature and progress of the optimization algorithm. If a black-box 
approach uses a surrogate model, then it has one more major disadvantage. The surrogate 
model being less complex than the rigorous one, does speed up the optimization 
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algorithm, but its predictions of process performance, especially in extrapolated 
situations, are often inaccurate. 
 In contrast to the black-box approach, the equation-oriented and simultaneously 
tailored approaches embed the PDAEs for the PVSA process explicitly inside the 
optimization formulation. Nilchan and Pantelides (1998) proposed complete 
discretization (CD) involving a third order orthogonal collocation on finite elements for 
the spatial domain and a first order backward finite difference method for the temporal 
domain. They imposed simple periodic boundary conditions on process variable profiles 
to ensure CSS, and used SQP (Sequential Quadratic Programming) for optimization. 
Agarwal et al. (2010b) presented a novel superstructure for the optimal cycle 
configuration of PVSA processes. They formulated an optimal control problem, and 
employed complete discretization for its solution. They used a first-order finite volume 
method for the spatial domain and orthogonal collocation on finite elements for the 
temporal domain. They used IPOPT (Biegler, 2010) to solve the large nonlinear program. 
Nikolic et al. (2009) reported an optimization framework for complex PSA processes 
with multi-bed configurations and multi-layered adsorbents, and illustrated it for 
hydrogen recovery from SMR (Steam Methane Reforming) off-gas (Nikolic et al., 2008). 
They used orthogonal collocation for the spatial domain, and solved the PDAEs in 
gPROMS (Barton and Pantelides, 1994). They employed a state transition network (STN) 
approach for efficient simulation and optimization using the gOPT toll with reduced 
sequential quadratic programming (rSQP) algorithm. STN approach has simpler and 
linear implementation in multi-bed PSA systems. This approach can develop a 
nondeterministic finite state machine which can optimize the inputs in a more ingenious 
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way. In this approach, states are represented by operation steps (such as pressurization, 
adsorption, etc.), inputs are the duration of each step, operating parameters and time 
elapsed in the process. The boundary conditions and gas valve conditions are existed in 
each state. They claimed that their developed network covers all of the most important 
states or configuration in a PSA process.  
 Jiang et al. (2003) proposed the simultaneous tailored approach for PVSA process 
optimization. Instead of solving the PDAEs to the full CSS condition at each iteration as 
in the black-box approach, they imposed just the CSS condition as a constraint in the 
optimization problem. At each iteration, they solve PDAEs in an inner loop for exactly 
one cycle to obtain the values of the constraints and objective function. In other words, 
the algorithm attains CSS only when it achieves the optimal solution. Initially, they used 
a modified finite volume (van Leer) method with smooth flux delimiters to decrease the 
oscillations for steep fronts. Then, they employed the DAE solver DASPK 3.0 to solve 
and integrate the bed equations. Finally, they used reduced-space successive quadratic 
programming (rSQP) for optimization. 
 Most studies on propylene/propane separation have not considered producing high 
purity propylene and propane simultaneously with low energy consumption. In other 
words, significant room exists for improving and optimizing adsorption-based processes 




Figure  2.11: Four different types of optimization strategies, (a) Simplified approach, (b) Black-
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1- The ideal gas law applies. 
2- The system is isobaric. 
3- Axially dispersed plug flow model describes the flow pattern. 
4- The adsorbent consists of uniform microporous crystals. 
5- Chemical potential gradient is the driving force for diffusion along the micropore 
radius. 
6- The macropore gas is in equilibrium with the bulk gas in the bed voids. 
7- Temperature gradients along the radii of the column and microparticle are 
negligible. As Farooq and Ruthven (1990) conducted breakthrough experiments 
in stainless steel columns with and without internal Teflon lining and confirmed 
that the major heat transfer resistance in the radial direction was at the inner side 
of column wall. The radial temperature profiles were measured. Although radial 
temperature gradient existed in the column, but the inside wall film resistance to 
heat transfer was more important and hence a simple one-dimensional heat 
transfer model with a lumped heat transfer coefficient confined at the wall was 
sufficient to capture the experimentally measured temperature breakthrough 
behavior. 
8- A finite heat transfer rate is introduced between the bulk gas and adsorbent 
particles. 
9- Lumped coefficients account for the heat transfer between the bed and column 
wall and that between the column wall and external surroundings. 
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 Based on the above, the equations describing the PSA process are as follows. The 
signs of terms with ( ± ) depend on the flow direction. ( + ) sign applies for flow from
   0z =  to L  and ( − ) applies for flow from  z L=  to 0 . 
Mass balance for component i : 
 
( ) ( ) 1 pii i i
L p
qc y c vD C
t z z z t
ε ρ
ε
∂∂ ∂ ∂∂ − 
− ± = − ∂ ∂ ∂ ∂ ∂   
(3.1) 
Overall mass balance: 
 







∂∂ ∂ −± = −
∂ ∂ ∂  (3.2) 
 (1 )p pi p pi p c ciq c qρ ε ε ρ= + −   (3.3) 
where v is the interstitial velocity, LD  is the axial dispersion coefficient, p  is the gas 
pressure, T  is the gas temperature, iy  is the mole fraction of component i  in the bulk gas 
phase,   ii
pyc RT= is its concentration in the bulk gas phase,  pic is the concentration in the 
macropore gas phase, piq  is the average adsorbed concentration of component i  per unit 
adsorbent particle mass calculated with Eq. 3.3 (Qinglin et al., 2004); and ciq  is the 
average adsorbed concentration of component i  per unit crystal mass, ε  is the bed 
porosity, and pε  is the adsorbent particle porosity. Since the bulk gas is assumed to be in 
equilibrium with the macropore gas, pi ic c=  is set. Note that v is computed from Eq. 3.2. 
The boundary conditions for Eqs. 3.1 and 3.2 depend on the PSA cycle and vary with 
each step of the cycle. Therefore, they are discussed later for a 5-step PSA process used 
by Grande and Rodrigues (2005). 




( )20 0.5mL DD ScReε= +  (3.4) 









∂ ∂  
(3.5) 
where, r is the radial distance along the crystal, ciq is the adsorbed concentration of 
component i  at r, and  iJ is the diffusive flux.  Using chemical potential gradient as the 
driving force for diffusion and defining an imaginary partial pressure of component i , 
im
ip , which is in equilibrium with the adsorbed concentration in the micropore, ciq , the 
























 In the above, 0c iD  is the temperature-dependent limiting micropore diffusivity at 
zero adsorbate concentration. The imaginary gas phase pressure,  imip , can be calculated 
from an appropriate isotherm model. After substituting Eq. 3.6 in Eq. 3.5, the micro-
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where,  cr is the micropore radius. The temperature-dependence of micropore diffusivity 




i gE R T
c i ciD D e
−∞
=  (3.9) 
where, iE  is the activation energy of diffusion and ciD
∞  is the temperature-independent 
pre-exponential constant. 






pi pi c i ci i
p p p c im
c i r r
q c D q p
t t r p r












pg T pg T
T T T









( ) ( ) ( ) ( )1 1 2pi wpg g p f g s g w
i w






− − − −
∂ (3.11) 
where pgc  is the molar specific heat capacity of the gas mixture, 
'a  is the specific surface 
area of the pellet that is area to volume ratio, fh   is the film heat transfer coefficient 
between the gas and the solid phase. gR  is the universal gas constant; gT  is the 
temperature of the gas phase, sT  is the adsorbent (solid) temperature, wT  is the wall 
temperature,  wh  is the film heat transfer coefficient between the adsorption bed and the 
column wall, wR  is the column (inside) radius, and λ  is the axial heat dispersion 
calculated from the correlation by Wakao (1978).  
 ( )7.0 0.5gk PrReλ = +  (3.12) 
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fh  is calculated from Nusselt number (Wakao and Funazkri, 1978):
 
 
0 6 1 32 0 1 1f p . /
g
h d
Nu . . Re Pr
k
= = +  (3.13) 







=    (3.14) 
Solid phase energy balance: 




ρ ρ ∂ + =  ∂    
                      
( )( )(1 )pi cipgi s p i p c f g s
i i
q qc T H a h T T
t t
ρ ε ρ∂ ∂ ′− + −Δ − + −
∂ ∂   (3.15) 
where – iHΔ  is the isosteric heat of adsorption for component i . Finally, the wall heat 
balance is given by: 
 
2
02 ( ) ( )
w w
w pw w wi w g w wo w





= + − − −
























where pwc  and wρ  are the specific heat and density of the column wall, respectively. wiα
is the ratio of the internal surface area to the volume of the column wall, e is the wall 
thickness,  woα is the ratio of the external surface area to the volume of the column wall, 
0h  is the convection heat transfer coefficient between wall and surrounding, wK  is the 
wall conduction heat transfer coefficient, and T
∞
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shown in Figure  3.1 , this work presents here the boundary conditions applicable for that 
process only. As shown in Figure  3.1, their PSA cycle consists of pressurization, feed, 
rinse with pure propylene, blowdown to intermediate pressure, and counter-current 
evacuation for bed regeneration, where propylene product is withdrawn. For this 
particular PSA process, the following boundary conditions apply (Wehner and Wilhelm, 
1956): 
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where β  is the ratio of the convection area to the conduction area at the column end and 
we have assumed the convection area as the total cross section area of the column end. 
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= − = −
∂ ∂  (3.22ab) 
Boundary conditions for velocity in steps 1, 2, 3, 4, and 5 respectively are: 
 0z Lv = =  (3.23a) 
 00zv v= =  (3.23b) 












=  (3.23e) 
 It is assumed that bed pressure remains constant during the adsorption and rinse steps 
and linearly changes during pressurization. The following exponential form is used to 
compute the pressure profiles during the blowdown and evacuation steps (Farooq and 
Ruthven, 1991): 
( ) ( )exp( )II I IIp t p p p at= + − −  (3.24) 
where Ip  and  IIp  are the initial and final pressures in the blowdown and evacuation 
steps, and a  is computed by fitting the above equation to the experimental pressure 
profiles of blowdown and evacuation steps. 
In Eq. 3.2: 
 i
i
c C f ( t )= =  for pressurization, evacuation and blowdown (3.25a) 
            f ( t )≠  for high pressure adsorption and rinse (3.25b) 
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 Assuming that appropriate isotherm models and adsorption and kinetic data are 
available for the adsorbed species, this completes our non-isothermal pore diffusion 
model for a kinetically selective PSA process. Since this work will compare performance 
with that of a bi-LDF model, this study briefly describes the latter for the sake of 




Figure  3.1: Schematic of the 5-step PSA process including pressure-time history. PR = feed 
pressurization, HPA = high pressure adsorption, RI = rinse, BD = blowdown and EV = 
evacuation. 
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where mD  is the molecular diffusivity, which can be calculated by using the Chapman-
Enskog equation (Bird et al., 1960). 







=  (3.29) 










where, Bi  is the Biot number represents the ratio of internal macropore to external film 
resistances, pR  is the adsorbent particle radius, piD  is the effective macropore diffusivity 
corrected for tortuosity for component i , and fk   is mass transfer coefficient across the 
external film. 
Knudsen diffusivity (Ruthven, 1984) is calculated from following: 
 
9700k p TD r M=    (cm
2/s) (3.31) 
where pr  is macropore radius, which we take as 1E-04 cm in this work. 
Macropore diffusivity equation: 
 
1 1 1
p k mD D D
τ
 
= +    
(3.32)
 
where pD  is the macropore diffusivity that combines the contributions from molecular 
and Knudsen diffusivity and τ  is the tortuosity factor. 
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 For the micropores, they used the Darken equation to describe the concentration 
dependence of micropore diffusivity: 
( )*215ci ci ci ci
c

















  (3.33b) 
 In contrast to the above, our pore diffusion model captures the strong influence of the 
concentration profiles on the diffusion in the microparticle (Do, 1998; Farooq and 






 in Eq. 3.33b is given by Eq. 
3.34. 
Micropore concentration-dependent expression for DSL isotherm:  
 i
ciq






( ) ( )1 1 2 2 2 2 1 11 1si i i i j j si i i i j jA q b b P b P q b b P b P = + + + + +   
( )( )2 2 1 11 1i i j j i i j jB b P b P b P b P = + + + +   
( )( )21 1 1 2 21 1si i j j i i j jC q b b P b P b P= + + +  
( )( )22 2 2 1 11 1si i j j i i j jD q b b P b P b P= + + +  
 By combining the macropore and micropore resistances, Grande and Rodrigues 
(2005) obtained the following bi-LDF rate equation: 
 
( ) ( )*215 (1 )pi cip pi i pi p c ci ci
c
q Dk c c q q
t r
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significantly by using the explicit DSL model. The parameters  
1 2 01 02 1 2(  ,  ,  ,  ,  , )s i s i i i i iq q b b H H−Δ −Δ   for the dual-site models are obtained from 
independent fits of the single-component equilibrium data to the unary form of the dual-
site isotherm model. The fits of the DSL model to the experimental equilibrium data of 
propylene and propane on 4A zeolite are shown in Figure  3.2 with fitted parameters in 
Table  3-2. As shown in these figures, the DSL model provides a good fit. A perfectly 
positive correlation is assumed for the binary prediction (Ritter et al., 2011). 
 Grande and Rodrigues (2004) measured the individual transport parameters of 
propylene and propane on 4A zeolite by three different methods, namely zero length 
column (ZLC), column breakthrough and gravimetry. The kinetic parameters obtained 
from these three techniques were in good agreement. 
Table  3-2: Parameters of the Dual-site Langmuir isotherms for propylene and propane on 4A 
zeolite. 
Gas qs1(mol/kg) qs2(mol/kg) b01(/kpa) b02(/kpa) -ΔH1(kJ/mol) -ΔH2(kJ/mol) 
propylene 0.7656 1.1866 4.20E-05 4.49E-05 58.01 20.38 
propane 1.7527 0 4.55E-09 0 16.23 0 
  
(a) 
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diffusion model with the parameters estimated from the single component measurements. 
Moreover, the pore diffusion model has a better match with the experimental data for 
propylene compared to the bi-LDF model, which is quantitatively supported by a lower 
mean square error (MSE = 1.05E-04 versus 2.10E-04). It is evident from the almost 
instantaneous breakthrough of propane that its uptake in the adsorbent micropores in the 
observed time-scale is practically negligible. The roll-up in its experimental breakthrough 
profile is a typical under-damped response of the flow meter at the column exit. Hence, 
comparing the mean square errors (MSE) of the two models for propane breakthrough is 
not very meaningful. 






















Figure  3.4: Experimental measurements and simulated breakthrough responses for propylene and 
propane at 423 K and 250 kPa. The MSEs for model predictions are 1.05E-04 (C3H6) and 4.81E-
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conditions are summarized in Table  3-3. The equilibrium, kinetic and heat transfer 
parameters in Table  3-1 and Table  3-2 are used in the simulations. The purity, recovery, 
and productivity of propylene are calculated using Eqs. 3.39 - 3.41. The measured 
pressure profiles are appropriately fitted to linear or exponential equations and used as 
inputs in the simulations for the pressure-changing steps. Representative pressure profiles 
in a cycle are shown in Figure  3.6.   

















Figure  3.6: Experimentally measured pressure profiles and their linear or exponential fits used in 
the simulation (value in blowdown and evacuation step is 6 s-1 and 0.15 s-1, respectively). For 
experimental details, see run 4 in Table  3-3. 
 The experimentally observed effects of the nitrogen mole fraction and feed 
temperature on the purity and recovery of propylene are compared with two model 
predictions in  




Figure  3.8, respectively. Representative propylene and propane flow rates measured over 
a cycle after the cyclic steady state is reached in one experiment from each of the two sets 
are similarly compared with the model predictions in Figure  3.9. The total flow rate 
measured is converted to component flow rates using the measured compositions of these 
streams. Representative temperature profiles measured over a cycle at three different 
locations in the column after the cyclic steady state is reached are shown in Figure  3.10, 
where the model predications are also included.  
 
 































Figure  3.7: Prediction of the effect of nitrogen in the feed on the purity and recovery of propylene 
compared with experimental results. For experimental conditions, see run 1-3 in Table  3-3. 
 The overall observation from  
Figure  3.7 - Figure  3.10 is that both the models capture the experimental trends in the 
range of operating conditions investigated. In the purity-recovery plots shown in  
Figure  3.7 and  
 
Figure  3.8, clearly the pore model predictions are quantitatively closer to the 
experimental results than those from the bi-LDF model. 
 A perfect positive correlation has been assumed in this study for binary prediction 
using the DSL model. DSL constants of propylene ( ) have higher values than that 
DSL constants of propane ( ),  and . As a result, with perfect negative 
correlation propane equilibrium is somewhat higher under binary conditions compared to 
perfect positive correlation. For propylene, the effect is negligible on its binary 
equilibrium for the composition and pressure range covered in this study. The effect of 
using perfect negative correlations on PSA simulation is also shown in  
 
Figure  3.8.  Although the qualitative trends are similar, the predictions with perfect 
negative correlation are quantitatively far removed from the experimental results.  
 The component flow rates over a complete cycle compared in Figure  3.9 also suggest 
marginal quantitative superiority of the pore diffusion model. In case of the temperature 
profiles in Figure  3.10, the pore model also seems closer to the experimental data for 
most part; except the adsorption step where the temperature rise was rapid. It is important 
11 21,b b
12 22,b b 22 0b = 11 21b b>
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to note that during a rapid change in temperature, the thermocouple readings are affected 













Figure  3.8: Prediction of the effect of feed temperature on the purity and recovery of propylene 
compared with experimental results. For experimental conditions, see run 3-5 in Table  3-3. PN is 
perfect positive correlation and PP is perfect negative correlation. 
 In order to investigate the importance of fluid-solid heat transfer resistance, the fluid-
solid heat transfer coefficient is varied over three orders of magnitude above the value 
given in Table  3-1. These perturbations do not affect the purity and recovery results in  
 
Figure  3.8 and Figure  3.9 as well as the temperature profiles in Figure  3.10, which 
confirms that the adsorbent is, in fact, in thermal equilibrium with the fluid phase. With 





























the exception of a very rapid cycle, fluid-solid thermal equilibrium is a widely accepted 
assumption in adsorption process modeling (Suzuki, 1990). 
 The small difference between the pore and bi-LDF model predictions for the present 
system may mislead to conclude that the latter model with the concentration dependence 
of micropore diffusivity accounted by Eq. 3.33 will always be a good approximation of 
the more detailed pore diffusion model. A closer look at the representative concentration 
profiles of propylene and propane along the crystal radius shown in Figure  3.11 reveals 
that propane hardly enters the micropores during the cyclic operation. This means that the 
diffusion of propylene in the micropores is practically like a single-component diffusion. 
 

























1 0.27/0.23/0.51 500 50 10 54 100 25 40 180 433
2 0.37/0.31/0.32 500 50 10 54 100 25 40 180 433
3 0.45/0.41/0.14 500 50 10 54 100 25 40 180 433
4 0.45/0.41/0.14 500 50 10 54 100 25 40 180 408
5 0.45/0.41/0.14 500 50 10 54 100 25 40 180 463

















































Figure  3.9: Comparison of experimentally measured molar flow rates with model predictions over 
a cycle after reaching cyclic steady state. The results are from two different experimental runs, 
run 6 in (a) and run 4 in (b) and (c). For experimental details, see Table  3-3. 















Figure  3.10: Temperatures measured at three different locations in the column over a cycle after 
reaching cyclic steady state in run 4, See Table  3-3 for experimental details. 
(c) 






























 Propylene (step 2)
 Propane (step 2)
 Propylene (step 5)
























Figure  3.11: Concentration profiles of propylene and propane inside the crystal at z/L= 0.1 at the 
end of the high pressure adsorption (step 2) and the end of the evacuation (step 5) after reaching 
cyclic steady state in run 4 detailed in Table  3-3. 
 As pointed out earlier, the pore diffusion model used here captures the strong 
influence of the concentration profiles of the two components in the microparticle during 
binary diffusion, which is not captured by Eq. 3.33 used in the bi-LDF model. In the 
absence of propane in the micropore, it is therefore not surprising that the two models 
give such close results. To prove this point further, PSA simulations are carried out for 
the conditions of run 4 in Table  3-3 by gradually increasing the diffusivity of propane. 
The results are shown in Figure  3.12. Increasing propane diffusivity increases its 
diffusion into the micropores developing its concentration profile, which was previously 
absent. Hence, the difference between the two models grew larger, as expected. 
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Figure  3.12: Effect of propylene/propane diffusivity ratio on the purity and recovery predicted by 
the pore and bi-LDF models. The propane diffusivity was gradually increased while holding the 










































igure  3.13: D
 PSA run 4 a
 
Figure
l five PSA 
igure  3.13a
imensionless
re shown in F





s the solid c
 cyclic stea









run 4 in Ta


















crystals. However, propylene, being faster, begins to diffuse into the crystals at the 
column inlet. Even during high-pressure adsorption (Figure  3.13c-d), propane adsorption 
is limited to the crystal surface only and it breaks through almost immediately. Propylene 
does move into the crystal interior, but it does not have enough time to saturate the entire 
column. Thus, column capacity is not utilized fully, and better performance may be 
obtained by increasing the time for adsorption. During rinse (Figure  3.13e-f), propane 
concentration on the crystal surface near the column inlet is almost zero. This is because 
the pure propylene feed from the column inlet pushes propane out from the other end. 
Here, propylene gets sufficient time to diffuse into the crystals and it saturates most of the 
crystals in this step. During blowdown (Figure  3.13g-h), most of the propane desorbs and 
comes out from the column outlet. Decrease in the pressure also makes propylene move 
from the interior to the surface of the crystals. Furthermore, propylene is also lost from 
the column outlet during this step. By the time of countercurrent evacuation 
(Figure  3.13i-j), little propane is left in the column.  Propylene is withdrawn as the 
product, but most of it comes out from the column inlet only. In other words, the duration 
is not enough to recover all of propylene. Furthermore, while propylene concentration is 
nearly zero at the crystal surface, and most of it still exists in the interior. The 
dimensionless concentration of propylene at the crystal center is near 0.1 and same as that 
at the crystal center in the previous step. Therefore, it is clear that more recoverable 
propylene remains in the micropores at the end of the evacuation step. 
 The above discussion clearly suggests that the column operating parameters are 
far from the optimal. Process performance can be improved significantly by proper 
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CHAPTER 4 Propylene/Propane Separation Using SiCHA 
  
 The ratios of Henry's constants and those of diffusion coefficients for propylene and 
propane in several adsorbents (Grande and Rodrigues, 2004; Lamia et al., 2008; Padin et 
al., 2000; Salil U. Rege et al., 1998; Sikavitsas et al., 1995) studied in the literature are 
compiled in  
Table  4-1. It is evident from the table that pure silica chabazite (SiCHA), a new 8-ring 
silica zeolite, shows high kinetic selectivity between propylene and propane (Hedin et al., 
2008; Olson et al., 2004). However, this adsorbent has received limited attention. Kinetic 
separation using this new adsorbent could be an attractive option for separating 
propylene/propane. In this chapter, a 4-step, kinetically controlled pressure swing 
adsorption process has been suggested for propylene/propane separation on SiCHA and 
studied in detail using the non-isothermal micropore diffusion model, developed and 
verified in Chapter 3. The Langmuir isotherm replaces the dual site Langmuir isotherm to 
represent adsorption equilibrium for propylene/propane adsorption on SiCHA.  This 
study estimates the equilibrium information for propane indirectly using available uptake 
data at 80 °C and 600 torr. Moreover, this work uses molecular simulation to obtain 
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Figure  4.1: Adsorption isotherms for propylene on SiCHA. Points represent the experimental data 
by Olson (2004) and solid lines represent the Langmuir isotherm. 
 
 In the absence of any experimental measurement of sq  for propane, we argue as 
follows to assume that it is the same as that ( sq  = 125.2 mg/g) for propylene on SiCHA. 
SiCHA is a neutral adsorbent that interacts with propane and propylene via van der Waals 
forces. The slightly larger size (4.35 Å) of propane versus that (4.05 Å) of propylene 
allows propane to adsorb slightly more strongly than propylene (Ruthven and Reyes, 
2007) at low to moderate pressures. At high pressures and saturation loading, however, 
the smaller size and linear structure of propylene molecule may suggest slightly more 
adsorption for propylene. Given that the molecule sizes are very close, it is reasonable to 
assume that their saturation loadings are nearly equal. Therefore, this work takes sq  = 






















 To further justify our above argument and confirm our assumption of propane’s sq , 
This study employs Monte Carlo (MC) molecular simulation described in next section. 
This study first matches the theoretical prediction of propylene isotherm at 80 ˚C with 
experimental results. Figure  4.2 shows that the predictions from molecular simulation 
match the experimental data very well. Then, the isotherm of propane is computed using 
molecular simulation. Fitting Langmuir isotherms to these simulation results, 1 27.3sq =  
mg/g for propane and 127.2 mg/g for propylene are obtained, which are identical for all 
practical purposes. Note that this predicted sq  matches quite well with our estimated 
value of 125.2sq =  mg/g for propylene from Olson’s experimental equilibrium data. 
Determination of the other Langmuir isotherm parameter for propane and reanalysis of 
the kinetic parameters for propylene and propane are discussed next. 
 
 
Figure  4.2: Propylene and propane equilibrium isotherm in SiCHA at 80 ˚C obtained from MC 
simulation are compared with experimental data and Langmuir model estimates, respectively. 
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SiCHA framework, this study consideres the dispersion interactions of both Si and O 
atoms in SiCHA under study. Table  4-2 lists the potential parameters of Si and O atoms, 
which are optimized to reproduce the experimental heats of adsorption (Hirotani et al., 
1997). Two types of models are commonly used to mimic hydrocarbon molecules, 
namely the united-atom model and all-atom model (Ryckaert and Bellemans, 1978). Both 
models give comparable adsorption isotherms in silicalite; however, computation is faster 
with the united-atom model. Consequently, the united-atom model is used in this work 
with every CHx group as a single interaction site. The bond lengths are assumed to be 




LJ ( ) 4 [( / ) ( / ) ]u r r rε σ σ= −                                                    (4.3) 
The bond bending is represented by a harmonic potential: 
  2bending 0( ) 0.5 ( )u kθθ θ θ= −                                        (4.4) 
 Table  4-2 gives the force field parameters for propane and propylene, in which the 
LJ  parameters are optimized to reproduce the experimental vapor-liquid coexistence 
curves and critical properties of pure hydrocarbons (Martin and Siepmann, 1998, 2000). 
Adsorption of C3H6 and C3H8 in SiCHA is simulated by grand-canonical Monte Carlo 
(GCMC) method. The conventional Metropolis technique in MC simulation is 
prohibitively expensive in sampling the conformation of large molecules. To improve 
efficiency, advanced configurational-bias technique is adopted in which a molecule is 
grown atom-by-atom biasing energetically favorable configurations while avoiding 
overlap with other atoms (de Pablo et al., 1992; Frenkel et al., 1992; Siepmann and 
Frenkel, 1992). At first, five trial positions are generated with a probability proportional 
88 
 
to exp( )iinternalUβ− , where 1/ Bk Tβ =  and iinternalU  is the internal energy at a position i  
including the intramolecular bond bending interactions. Then, one of the trial positions is 
chosen for growing an atom with a probability proportional to
( ) ( )exp / expi iexternal external
i
U Uβ β− − , where iexternalU  is the external energy including the 
intermolecular LJ interactions. 
 
Table  4-2: Force field parameters for SiCHA, propylene, and propane. 





Si 0.677 18.60 
O 2.708 128.21 
−CH3  3.75 98.0 
−CH2 − 3.95 46.0 
= CH2 3.675 85.0 
= CH−  3.73 47.0 
Bond  x yCH CH−  
x yCH CH=  
r0 = 1.54 Å 
r0 = 1.33 Å 
Bending  x 2 yCH CH CH− −  
x yCH CH CH= −  
kθ /kΒ = 62500 Κ, θ 0 = 114.0ο 
kθ /kΒ = 70420 Κ, θ 0 = 119.7ο 
 
 The SiCHA framework is treated as rigid and periodic boundary conditions are used 
in three dimensions to mimic the periodicity. A spherical cutoff length of 11 Å is used to 
evaluate the LJ interactions along with long-range corrections. A typical GCMC 
simulation is carried out for 20000 cycles, in which the first 10000 cycles are used for 
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equilibration and the second 10000 cycles for ensemble averages. Each cycle consisted of 
a number of trial moves: (a) Translation; either a randomly selected adsorbate molecule is 
translated with a random displacement in x, y, or z dimension and the maximum 
displacement is adjusted to an overall acceptance ratio of 50%. (b) Rotation; either a 
randomly selected adsorbate molecule is rotated around x, y, or z dimension with a 
random angle, and the maximum angle is adjusted to an overall acceptance ratio of 50%. 
(c) Partial regrowth; part of a randomly selected adsorbate molecule is regrown locally. It 
is decided at random which part of the molecule is regrown and from which bead the 
regrowth was started. (d) Complete regrowth; a randomly selected adsorbate molecule is 
regrown completely at a random position. (e) Swap with reservoir; a new adsorbate 
molecule is created at a random position or a randomly selected adsorbate molecule is 
deleted. To ensure microscopic reversibility, the creation and deletion are attempted at 
random with equal probability. The simulation statistical uncertainty is estimated by 
block transformation technique and found to be generally smaller than the symbol sizes 
presented in the figures below. 
 Figure  4.2 shows the isotherms of C3H6 and C3H8 in SiCHA at 80 °C. The 
experimental isotherm of C3H6 is available and thus included for comparison (Olson et 
al., 2004). Good agreement is found between the predicted and experimental data for 
C3H6 over the entire range of pressure under study. This validates our models and force 
fields used in the simulation. The predicted adsorption of C3H8 is greater than that of 
C3H6 over the pressure range. This is consistent with the potential parameters used for 
C3H8 and C3H6. As listed in Table  4-2, −CH3 group possesses the strongest interaction 
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only. Pure uptakes of SiCHA were used. They used analytical solution of the diffusion 
model for planer geometry subjected to a constant boundary condition (Crank, 1975) to 
















= −  
+    (4.5) 
 However, it is not clear if they extracted both cD  and eq  from Eq. 4.5, or they 
assumed eq  and extracted cD . For propane, they reported only cD  and not eq . 
 SiCHA used in the study has 3D crystals rather than planar sheets. Thus, Eq. 4.5 is 
not the most appropriate choice for describing the uptake of propylene and propane on 
SiCHA. A more appropriate and general approach would be to assume a spherical 







t r r r
∂  ∂ ∂  








∂  (4.7) 
 ( , )c er t




q =  (4.9) 
 If one assumes a concentration-independent micropore diffusivity ( cD ), then Eqs. 














= −       (4.10) 
 If one does not make that assumption, and allows diffusivity coefficient to vary with 
concentration as in 0 / (1 / )c c sD D q q= − , then Eqs. 4.6 – 4.9 must be solved numerically. 
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This study uses the method of orthogonal collocation. Thus, it is possible to use the above 
three approaches to model the uptake data of Olson et al. (2004) for propane and 
propylene at 600 torr, and estimate both eq  and micropore diffusivity values ( 0orc cD D ). 
 Figure  4.5 and Figure  4.6 show the uptake of propylene at 30 ˚C and 80 ˚C 
respectively, and the above three fitted models. The spherical model with concentration-
dependent micropore diffusivity represents the best fit with the least MSE at both 30 ˚C 
and 80 ˚C. At 30 ˚C, its MSE is 15 versus 17 for constant diffusivity micropore model 
and 19 for Crank’s solution. At 80 ˚C, it is 2.1 versus 3.3 for constant diffusivity 
micropore model and 7.0 for Crank’s solution. The MSE for 30 ˚C is higher than at 80 ˚C 
because diffusion is slower at lower temperatures and hence uptake measurements may 
have more uncertainty. The eq  values are very similar (~119 mg/g at 30 ˚C and ~89 mg/g 
at 80 ˚C) from all three models, as listed in Table  4-3. Interestingly, in addition to the 
differences in the values from the three models, some discrepancy also exists between the 




 Figure  4.5: Experimental and simulated uptake data for propylene in SiCHA at 30 ˚C and 
600 Torr. 
 











































Table  4-3: Equilibrium and diffusivity information obtained from the uptake of propylene and 
propane in SiCHA at 600 torr. 
Component Model  qe(mg/g)  D/r2(1/s)  MSE*
Propylene @ 30 °C 
Analytical (spherical) 119.13 2.95E-05 17 
Numerical (spherical) 119.75 6.71E-05 15 
Analytical (planer)  118.66 1.03E-04 19 
Analytical (planer, Olson)  120.00 4.70E-04 26 
Propylene @ 80 °C 
Analytical (spherical) 88.61 8.10E-05 3.34 
Numerical (spherical) 89.16 1.73E-04 2.19 
Analytical (planer)  88.07 2.52E-04 7.08 
Analytical (planer, Olson)  90.00 1.50E-03 42.3 
Propane @ 80 °C 
Analytical (spherical) 116.45 6.07E-08 0.211 
Numerical (spherical) 108.77 3.45E-08 0.203 
Analytical (planer)  90.55 2.13E-07 0.132 
Analytical (planer, Olson)  90.00 7.60E-07 0.588 
* Mean Square Error. 
 Figure  4.7 shows the uptake of propane at 80 ˚C and our predictions from the three 
models. The MSEs for all three models are in the range of 0.1-0.2, but eq  values vary 
significantly from 90 to 116 mg/g, as presented in Table  4-3. This variation is due to the 
fact that the uptake of propane versus t  is nearly linear, which implies that it may be 
difficult to estimate eq  reliably. eq  value simulated based on MC is 103.4 mg/g, which is 
in good agreement with the value obtained from micropore diffusion model including 




Figure  4.7: Experimental and simulated uptake data for propane in SiCHA at 80 ˚C and 600 
Torr. 
 The micropore diffusion model with concentration-dependent diffusivity is the most 
appropriate description for the uptake of propylene and propane on SiCHA. For propane, 
this study obtains eq  = 108.7 mg/g at 80 ˚C and 600 torr. Using this with sq  = 125.2 mg/g 
estimated before, we got b  = 0.011 /torr for the Langmuir isotherm. Thus, the 
dimensionless Henry's constants for propylene and propane at 80 ˚C were 379.7 and 
999.3, respectively. This is consistent with what has been observed with ethane and 
ethylene on SiCHA (Olson et al., 2004). The equilibrium data for propylene in SiCHA at 
80˚C calculated using these Langmuir isotherm parameters are compared with the 
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 Using the independent unary equilibrium and kinetic parameters estimated before, 
this study computs the selectivities for propylene/propane in SiCHA. Figure  4.8 a and b 
show the time-dependent effective selectivities of propylene over propane in SiCHA and 
4A zeolite according to Eq. 1.3. These figures show that the selectivity passes through a 
maximum at a short contact time, and then it gradually reaches the equilibrium selectivity 
limit. The maximum effective selectivity of propylene over propane in SiCHA is 32, the 
equilibrium selectivity (Eq. 1.2) is 0.4, and the ideal kinetic selectivity is 28 at 80 ˚C. 
Even though the equilibrium selectivity is lower than unity, the kinetic selectivity seems 
sufficient for a kinetically selective PSA process, and in fact can be increased 
significantly by lowering the temperature. As may be seen from  
Table  4-1, the alumina rich zeolites exhibit higher equilibrium selectivity for 
propylene/propane than pure SiCHA. Due to the electrostatic forces arising from the 
exchangeable cations, the olefins are adsorbed more strongly than the corresponding 
paraffins. The maximum effective selectivity of propylene over propane in 4A is 190, the 
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product from Step 5, (4) cocurrent blowdown to intermediate pressure, and (5) 
countercurrent evacuation. In this cycle, propane is collected in steps 2 through 4, and 
propylene in step 5. However, our simulations revealed that propane passes through the 
bed virtually unadsorbed due to its low diffusivity. Thus, steps 2 and 3 deliver most of the 
propane, and step 4 gives little propane. In other words, step 4 essentially produces 
propylene, and thus has the same role as step 5. Clearly, step 4 in this 5-step cycle seems 
redundant, and can be eliminated. Its elimination does not compromise recoveries, 
because product purity specifications automatically fix product recoveries in a binary 
separation when there are only two useful products and no waste stream. This is evident 
from the following equations obtained via simple mass balance. 
 2 1 2 1 1 21
1 2 1 2 1
(1 ) 1
(1 )(1 )
z Pu Pu z Pu PuRe
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where, iRe , iz  and iPu  are recovery, feed mol fraction, and purity of component i . 
Moreover, the 4-step cycle should also consume less energy than the 5-step cycle. Thus, 
this work eliminates step 4 and study a 4-step PVSA cycle for SiCHA (Figure  4.9). 
 In evacuation step, propylene product is collected in a tank and a part of this product 
is recycled to the rinse step as heavy reflux. Since rinse duration and amount of gas that is 






=  (4.13) 
100 
 
where G is reflux ratio and tankM is the molar amount of product collected in the tank, rinset  
is rinse duration, A  is column cross section area, gR is the universal gas constant, ε  is the 
bed porosity, gT  is gas temperature, and HP  is the operating pressure of the rinse step. 
 To simulate this process, this work uses the following isobaric and non-isothermal 
model based on intra-particle micropore diffusion with concentration-dependent 
diffusivity (Khalighi et al., 2012).  
 
Figure  4.9: Schematic diagram of the PSA cycle. 1) Pressurization 2) high-pressure 
adsorption 3) rinse 4) countercurrent evacuation. 
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∂ ∂  (4.16) 
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∂∂ ∂ −± + + =
∂ ∂ ∂  (4.18) 
 In above equations, iC c=   is the total gas phase concentration,   ii
g g
Pyc R T= is 
the concentration of component  i  in the bulk gas phase, P  is the total gas pressure, iy  
is the mole fraction of component i  in the bulk gas phase, gT  is the gas temperature in 
the thermal equilibrium with the adsorbed phase, v is the interstitial velocity, LD  is the 
axial dispersion coefficient, piq  is the average adsorbed concentration of component i  
per unit adsorbent particle volume, ciq  is its average adsorbed concentration per unit 
crystal mass, ciq  is the local adsorbed concentration per unit crystal volume along the 
crystal radius, cρ  is the crystal density, pε  is the adsorbent particle porosity, and t  is the 
adsorption time. Note that v is computed from Eq. 4.17 or 4.18. The boundary conditions 
for Eqs.4.14, 4.17 and 4.18 vary with each step in the PSA cycle, and are discussed later. 
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where pac  is the molar specific heat capacity of the adsorbed gas that this study assumes 
it has the same value as molar specific heat capacity of the gas mixture, psc and pgc   are 
molar specific heat capacity of the adsorbent and molar specific heat capacity of the gas 
mixture, respectively. λ  is the axial heat dispersion calculated from the correlation by 
Wakao (1978). – iHΔ  is the isosteric heat of adsorption for component i , wT  is the wall 
temperature,  wh  is the film heat transfer coefficient between the adsorption bed and the 
column wall, wR  is the column (inside) radius. 
Wall heat balance: 
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where pwc  and wρ  are the specific heat and density of the column wall, respectively. wiα
is the ratio of the internal surface area to the volume of the column wall, e is the wall 
thickness,  woα is the ratio of the external surface area to the volume of the column wall, 
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0h  is the convection heat transfer coefficient between wall and surrounding, wK  is the 
wall conduction heat transfer coefficient, and T
∞
 is the constant ambient temperature. 
Pressure change with time in steps 1 is represented by (Farooq et al., 1993) : 
 ( ) [ ]1expH H LP P P P a t= − − −  (4.21) 
Pressure change with time in steps 4(Farooq et al., 1993): 
 ( ) [ ]2expL H LP P P P a t= + − −  (4.22) 
where LP  and  HP  are the low and high pressures in the pressurization and evacuation 
steps. The constants in Eqs. 22 and 23, 1a  and 2a , are assumed 0.15 and 0.05/s, 
respectively.  
Boundary conditions for steps 1, 2, and 3: 
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Boundary conditions for velocity: 
 0z Lv = =  for step 1 (4.25a) 










=  for step 4 (4.25d) 
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This study uses the following to describe the concentration-dependence of diffusivity in a 
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To compute purity (%) and energy consumption (W kWh/tone propylene), we use: 
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where, component 1 is propylene, 2 is propane, η  is the compression efficiency and γ  is 
the adiabatic constant. F  is the total gas flow through the compressor or vacuum pump, 
and inP  and outP  are the inlet and outlet pressures. 
For recoveries, Eqs. 4.11 and 4.12 are used. 
The total energy consumption for the separation is given by: 
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× ×  
(4.33) 
where, 1F  is the amount of propylene produced in the evacuation step. As shown in 
Figure  4.9, the pressurization and adsorption steps may require compressors, if the high-
pressure in the PVSA process exceeds the feed stream pressure, which is 2-3 atm in 
practice. Since the rinse occurs at the high pressure, a compressor is required during the 
rinse to increase the pressure of the heavy reflux from the evacuation step. Finally, a 
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Figure  4.10: Recovery vs. purity plots show the effects of different parameters on the 
performance of a PVSA process. The arrows indicate the increasing directions of operating 
parameters. a) propylene b) propane and c) propane purity vs. propylene purity for the feed 
composition of 50/50 propylene/propane. Each parameter increases in the direction of arrow. 
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Figure  4.11: Recovery vs. purity plots show the effects of different parameters on the 
performance of a PVSA process. The arrows indicate the increasing directions of operating 
parameters. a) propylene, b) propane, and c) propane purity vs. propylene purity for the feed 
composition of 85/15 propylene/propane. Each parameter increases in the direction of arrow. 
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for optimization. Such optimization, however, is non-trivial due to the multitude of 
parametric possibilities and complexity of their interactions. This rigorous optimization 
will be addressed in next Chapter. 
 
Table  4-5: The PVSA operating parameters of six points with desired product purities, where 
points 1-3 are for the 50/50 and points 4-6 are for the 85/15 propylene/propane feed mixture.  
Operating Parameter Point 1 Point 2 Point 3 Point 4 Point 5 Point 6 
v0 (cm/s) 14.2 14.2 15.2 6.5 6.5 6.5 
L (cm) 75 84 84 125 125 125 
tpr (s) 310 310 310 330 330 330 
tad (s) 325 350 360 420 420 420 
tri (s) 60 74 60 50 40 50 
tev (s) 556 556 556 555 555 675 
PH (kPa) 110 110 110 150 150 150 
PL (kPa) 4.5 4.5 4.3 15.1 14.9 14.9 
G 0.5 0.5 0.5 0.5 0.5 0.5 
T (K) 333 333 333 333 333 333 
Energy (kWh/tonne propylene) 64 83 102 42 63 89 
Propane Recovery (%) 99.02 99.18 99.23 94.01 94.5 94.94 
Propylene Recovery (%) 89.05 89.3 89.23 98.03 98.23 98.2 
Propane Purity (mol%) 90.04 90.31 90.21 90.05 90.40 90.45 
Propylene Purity (mol%) 99.01 99.10 99.15 99.0 99.02 99.1 
 
 From Table  4-5, this study can also compare the parameters and energy requirements 
for the two feeds. To be accurate, the two feeds can be compared only if first the 
minimum energy process is found for each feed via rigorous optimization. Since this 
optimization has not been done, the processes with the least energies from the three that 
is listed for each feed in Table  4-5 are compared. These are point 1 for the 50/50 feed, 
and point 4 for the 85/15 feed. Point 1 is the origin in Figure 8c and point 4 is the origin 
in Figure 9c. They attain the minimum desired purity targets. 
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 While the pressurization times and evacuation times are quite similar for points 1 and 
4, but the velocities, bed lengths, adsorption times, rinse times, low-pressure levels, and 
high-pressure levels are quite different. Since the 85/15 feed has more propylene, it needs 
lower velocity, longer bed length, and higher adsorption pressures, so that propylene has 
sufficient time and driving force to adsorb in the column. Similarly, it needs shorter rinse 
time, because it has less propane. 
 All energy needs for this separation are normalized as kWh per tonne of propylene 
that exits the column in the evacuation step. The 50/50 feed requires more energy (64 vs. 
42 kWh/tonne) than the 85/15 feed. The feed pressure of 2 atm (202.6 kPa) exceeds the 
PVSA high-pressure levels, so rinse and evacuation are the main contributors to energy 
consumption. Interestingly, both feeds need roughly 30% (20/64 for the 50/50 feed and 
13/42 for the 85/15) of the total energy for the rinse and 70% (44/64 for the 50/50 feed 
and 29/42 for the 85/15 feed) for the evacuation. This study can rationalize the higher 
energies for the 50/50 feed as follows. First, the high-to-low pressure ratio for the 50/50 
feed is 110/101~ 1.09 compared to 150/101 ~ 1.5 for the 85/15 feed. Since the reflux 
ratio is the same for both, the energy for the rinse step is higher for the 50/50 feed. 
Because the evacuation times for the two feeds are not very different, and the low-
pressure for the 50/50 feed in the evacuation step is lower (4.5 kPa vs. 15.1 kPa), the 
50/50 feed needs more evacuation energy. Thus, the higher pressure ratio seems to be the 












































































st that the P
ed length, l
However, t
































, such as Si
 feed mixtu
s for the 85
ity, and hig




















































CHAPTER 5 Comparing SiCHA and 4A Zeolite for 
Propylene/Propane Separation using a Surrogate-based 
SimOpt Approach 
It was mentioned in Chapter 2 that most studies on propylene/propane separation 
have not considered producing high purity propylene and propane simultaneously with 
low energy consumption. Therefore, significant room exists for improving and 
optimizing adsorption-based processes for this separation. In this chapter, we compare 
4A zeolite and a new 8-ring silica chabazite zeolite (SiCHA) for separating these 
mixtures in a pressure vacuum swing adsorption (PVSA) process. We base our 
assessment on a 5-step PVSA cycle with concurrent pressurization, high pressure 
adsorption, rinse with the heavy component (i.e., heavy reflux), forward blowdown, and 
reverse evacuation, which we simulate rigorously using a non-isothermal isobaric 
micropore diffusion model with concentration-dependent diffusivity developed by 
Khalighi et al. (2012). We develop fast neuro-fuzzy surrogates for these simulations, and 
estimate minimum energy consumptions per tonne of propylene using a genetic algorithm 
(GA). We show that the blowdown step, although widely used in the literature for 4A, is 
in fact redundant for both 4A and SiCHA. While 4A zeolite requires lower separation 
energy per tonne of propylene due to its higher selectivity compared to SiCHA, it allows 
lower throughput. However, a comparison based on approximate total annualized cost 
also confirms that 4A is superior to SiCHA for this separation. Between the two 
industrial propylene/propane feeds of 50:50 and 85:15, the latter requires lower energy 
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purity, as used in engines, oxy-gas torches, barbecues, etc. In a previous work, we 
(Khalighi et al., 2013)  identified 4A zeolite and SiCHA as the two most promising 
adsorbents for this separation from those studied in the literature. They are the two top 
candidates, when all reviewed adsorbents are ranked according to the kinetic selectivity. 
While 4A zeolite is commercially available and well-studied, SiCHA is not. For 4A 
zeolite, Grande and Rodrigues (2005) suggested a 5-step PVSA process with 
pressurization, high-pressure adsorption, rinse with propylene product (also called heavy 
reflux), cocurrent blowdown, and countercurrent evacuation. Furthermore, Khalighi et al. 
(2012) developed a non-isothermal micropore diffusion model with concentration-
dependent diffusivities for kinetically selective PVSA processes, which we validated with 
published data (Grande and Rodrigues, 2005) on propylene/propane separation with 4A 
zeolite. For SiCHA, Khalighi et al. (2013) demonstrated the power of combining limited 
published data (Olson et al., 2004) with molecular simulation estimates to assess process 
suitability of a new adsorbent. They showed that a 4-step PVSA cycle with 
pressurization, high-pressure adsorption, rinse with propylene product, and 
countercurrent evacuation can indeed yield 99% propylene and 90% propane. However, 
none of these studies offered a definitive conclusion on the relative merits of 4A zeolite 
and SiCHA. In fact, as we discuss later, such a conclusion is not possible without a 
detailed optimization of the PVSA processes for these two adsorbents. But, such an 
optimization study for propylene/propane separation does not exist in the literature. 
 Our aim is to compare 4A zeolite and SiCHA for propylene/propane separation 
based on extensive simulations and detailed optimization, and identify the best adsorbent 
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adsorbents without finding the best process for each. Thus, to compare 4A zeolite and 
SiCHA and identify the best, we must first develop/design the best PVSA process for 
each separately. This highlights the need for a full-fledged synthesis and optimization 
(Agarwal and Biegler, 2012; Haghpanah et al., 2013b) of the relevant PVSA processes. 
 The full-fledged synthesis and optimization of a PVSA process is a major 
challenge for several reasons. Adsorption is a highly nonlinear phenomenon. Its 
modeling, simulation, and optimization in the context of a PVSA process involves 
repeated solution of complex hyperbolic partial differential and algebraic equations 
(PDAEs). This is extremely time-consuming and requires efficient numerical simulators 
(Haghpanah et al., 2013a) and sophisticated optimization algorithms (Agarwal et al., 
2010b). Many cycles of operation must be simulated to arrive at the cyclic steady state 
(CSS) describing the actual performance of a PVSA process at each point during 
optimization. 
 Several optimization studies (Biegler et al., 2005) using a variety of approaches 
for several practical separation problems (e.g. Agarwal et al. (2010a; 2010b; 2003) for 
CO2 capture and concentration; Lewandowski et al. (1998) and Cruz et al. (2005; 2003) 
for air separation; Nikolic et al. (2009) for hydrogen recovery) exist in the literature, but 
none on propylene/propane separation. Biegler et al. (2005) classified the various 
optimization approaches into four groups: 1) Simplified, 2) Black-box, 3) Equation-
oriented, and 4) Simultaneous tailored. While the simplified approach of Smith IV and 
Westerberg (1990) assumes a sequence of bed operations and bed design parameters such 
as bed length and pressure levels to find the minimum number of beds and a cyclic 
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operating schedule, the other approaches address much wider and varying scopes for the 
design, operation, and optimization. 
 The black-box approach is essentially simulation-based optimization 
(Subramanian et al., 2000; Varma et al., 2008), in which a series of separate (black-box) 
simulations of a PVSA process guides the optimization algorithm. The simulations may 
involve either a fully rigorous model of the PVSA process, or an approximate or 
surrogate model derived and updated with continuous help from the rigorous model. For 
instance, Kapoor and Yang (1988) used polynomial expressions to fit the outputs 
(product purities and recoveries) of a rigorous simulation model in terms of the inputs 
(feed pressure, depressurization pressure, and throughput) for CO-H2 separation. 
Lewandowski et al. (1998) developed an Artificial Neural Network (ANN) model for the 
separation of nitrogen from air, and used a nonlinear programming approach to minimize 
the cost of producing nitrogen. Other surrogate models such as ANFIS (Adaptive 
Network-based Fuzzy Inference System) and Kriging (Biegler and Lang, 2012; Caballero 
and Grossmann, 2008; Faruque Hasan et al., 2011; Lang et al., 2011) are also attracting 
increasing attention. The black-box approaches have one major disadvantage.  The details 
of process dynamics are not fully integrated within or transparent to the optimization 
algorithm. While this does reduce the complexity of the optimization model, it 
compromises the nature and progress of the optimization algorithm. If a black-box 
approach uses a surrogate model, then it has one more major disadvantage. The surrogate 
model being less complex than the rigorous one, does speed up the optimization 
algorithm, but its predictions of process performance, especially in extrapolated 
situations, are often inaccurate. 
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 In contrast to the black-box approach, the equation-oriented and simultaneously 
tailored approaches embed the PDAEs for the PVSA process explicitly inside the 
optimization formulation. Nilchan and Pantelides (1998) proposed complete 
discretization (CD) involving a third order orthogonal collocation on finite elements for 
the spatial domain and a first order backward finite difference method for the temporal 
domain. They imposed simple periodic boundary conditions on process variable profiles 
to ensure CSS, and used SQP (Sequential Quadratic Programming) for optimization. 
Agarwal et al. (2010b) presented a novel superstructure for the optimal cycle 
configuration of PVSA processes. They formulated an optimal control problem, and 
employed complete discretization for its solution. They used a first-order finite volume 
method for the spatial domain and orthogonal collocation on finite elements for the 
temporal domain. They used IPOPT (Biegler, 2010) to solve the large nonlinear program. 
Nikolic et al. (2009) reported an optimization framework for complex PSA processes 
with multi-bed configurations and multi-layered adsorbents, and illustrated it for 
hydrogen recovery from SMR (Steam Methane Reforming) off-gas (Nikolic et al., 2008). 
They used orthogonal collocation for the spatial domain, and solved the PDAEs in 
gPROMS (Barton, 1992). They employed a state transition network (STN) approach for 
efficient simulation and optimization using the gOPT toll with reduced sequential 
quadratic programming (rSQP) algorithm. STN approach has simpler and linear 
implementation in multi-bed PSA systems, where states are represented by operation 
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is not the same as that for SiCHA. However, this requires the synthesis of an optimal 
cycle for each adsorbent, which is a challenge in itself. Therefore, instead of full cycle 
synthesis optimization, we allow limited synthesis option of 4-step versus 5-step cycle. 
 Thus, in this study, we optimize the 5-step cycle (Figure  5.1a) for both SiCHA 
and 4A zeolite separately. It involves (1) pressurization, (2) high-pressure adsorption, (3) 
rinse with recycled heavy product from step 5 (called heavy reflux), (4) cocurrent 
blowdown, and (5) countercurrent evacuation. Steps 2, 3 and 4 produce propane, and step 
5 produces propylene. Our assessment is purely based on the nonisothermal isobaric 
micropore model of Khalighi et al. (2012), which they validated on the experimental data 
(Grande and Rodrigues, 2005) of 4A zeolite. Chapter 3 and 4 lists the model equations 
and boundary conditions, and summarizes the parameters used in this study. For more 
details, please refer (Khalighi et al., 2013; 2012). As indicated earlier, we target 99% 
pure propylene and 90% propane. Recall that recoveries are fixed by the purities in a 
binary separation, when there are no waste streams such as in our chosen 5-step cycle. 
Since energy consumption is a key consideration in this separation, we use energy use per 
tonne of propylene as the first criterion for judging a PVSA process. As an alternate 
criterion, we use total annualized cost for a given feed flow. We compare the two 
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For a binary separation, recoveries are fixed by specified purities (Khalighi et al., 2013), 
when there is no waste stream. 
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     (5.3) 
where, iPu , iRe , iF  are the purity, recovery, and molar feed composition (mol) of 
component ݅ with ݆ as the other component. For 99% pure propylene and 90% pure 
propane, propylene (propane) recovery is 89% (99%) for the 50/50 propylene/propane 
feed, and 98% (94%) for the 85/15 propylene/propane feed. 
 Let ுܲ denote the final pressure in step 1 and the pressure during steps 2 and 3. 
Let ூܲ denote the blowdown pressure in step 4, and ௅ܲ denote the evacuation pressure in 
step 5. Figure  5.1a uses one compressor for steps 1 and 2, another for step 3, and one 
common vacuum pump for steps 4-5. Since the feed is at 2 atm, the compressor must 
pressurize the feed to ுܲ during steps 1 and 2, if ுܲ exceeds 2 atm. In step 3, it must 
pressurize the rinse stream from 1 atm to ுܲ. Since we are assuming an isobaric system, 
pressure drops through the beds are zero and the compressor needs no additional energy. 
Thus, work done by the compressor for the 5-step cycle is given by, 
 ஼்ܹ = ஼ܹ௣௥ + ஼ܹ௔ௗ + ஼ܹ௥௜       (5.4) 
where, ஼ܹ
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where, η = 0.72, γ = 1.4, ߬ is the step duration, ܨ௜௡(ݐ) is the flow of gas entering the 
compressor, and ௜ܲ௡(ݐ) is the pressure of gas entering the compressor. ஼ܹ௥௜ is computed 
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where, atmP  is atmospheric pressure. 
 We assume that  ூܲ ≤ 1 atm and the vacuum pump always delivers gas at 1 atm. 
The vacuum pump will reduce the bed pressure from ுܲ to ூܲ in step 4, and from ூܲ to ௅ܲ 
in step 5. Then, the total energy consumption by the vacuum pump is given by, 
 ௏்ܹ = ௏ܹ௕ௗ + ௏ܹ௘௩        (5.7) 














−   
= −  
−    
     (5.8) 
 With this, the total energy consumption for the cycle in Figure 5.1a is given by: 
 ܹ = ( ஼்ܹ + ௏்ܹ )/(3.6 × 42 × ܨଵ) kWh per tonne propylene fed  (5.9) 
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selects appropriate lower and upper bounds (Table  5-1). Purity of propylene, purity of 
propane, and total energy consumption of a cycle comprise the three output variables of 
the ANFIS model. Recall that recoveries are fixed by the purities. To build the initial 
ANFIS model, we synthesize 200 sets of input variables using Latin hypercube sampling 
(LHS) (Stein, 1987). For each point, we simulate the 5-step process with a bed of 2.5 cm 
diameter and 75 cm length using COMSOL and MATLAB until CSS, and compute the 
three output variables. From the 200 points and their solutions, we randomly choose 150 
sample points to train the ANFIS model, and the remaining 50 sample points to validate 
it. Figure  5.2  shows the qualities of ANFIS predictions for the test samples. As seen in 
Figure  5.2, the predictions for all 50 points are very close (within 1%) to the results from 
rigorous simulations. Thus, our ANFIS model is reliable. In fact, we increase its accuracy 
even further by retraining it with all the 50 validation points as well. In other words, we 
have an initial ANFIS model based on 200 rigorous simulations. As we discuss later, 
during optimization, we continue to retrain and improve our ANFIS model with the 
solutions from our optimization procedure. Figure  5.2 shows that the accuracy of our 
ANFIS model improves with optimization progresses. 
 Using the initial ANFIS model, we proceed to optimize via GA. Figure  5.3 shows the 
schematic of our optimization algorithm. We use the ANFIS model inside GA in 
MATLAB to optimize the 5-step process. Then, we simulate in COMSOL the process 
corresponding to the best values for the ten optimization variables. If any of the three 
outputs (two purities and energy consumption per tonne of propylene) predicted by the 
ANFIS model differs by more than 0.1% from its true value from COMSOL simulation, 
then we retrain the ANFIS model by including this set of input variables. We now repeat 
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GA to find the best process. We continue to repeat this procedure, until the performance 
prediction by GA for the best process matches with that from rigorous simulation within 
0.1% for each of the three outputs. Figure  5.2 shows how the prediction errors of ANFIS 
reduce with optimization. The algorithm converges after 4-5 iterations of GA. 
 
Table  5-1: Best PVSA processes for 4A zeolite and SiCHA and two industrially relevant feed 
compositions. 
SiCHA 4A zeolite Variable Bounds 
Decision Variable 50/50 85/15 50/50 85/15 Both feeds 
v0 (cm/s) 14.43 11.72 10.41 7.41 May-50 
L0 (cm) 75 75 75 75 fixed 
L0/v0 5.2 6.4 7.2 10.12 - 
tpr (s) 95 134 97 104 20-1000 
tad (s) 195 251 145 179 20-1000 
tri (s) 58 62 53 49 1-1000 
tbd (s) 0 0 0 0 1-1000 
tev (s) 329 403 256 312 20-1000 
PH (kPa) 296.43 348.03 257.09 275.78 101.3-1013 
PM (kPa) NA NA NA NA 50.65-101.3 
PL (kPa) 27.09 30.02 33.91 45.38 5.065-50.65 
G 0.51 0.42 0.58 0.43 0.1-1.0 
W (kWh/tonne propylene) 108 101 81 72 - 
Propane Recovery (%) 99.18 99.12 99.14 99.17 - 
Propylene Recovery (%) 88.99 89.02 89.03 88.99 - 
Propane Purity (mol%) 90.01 90.03 90.04 90.01 - 
Propylene Purity (mol%) 99.09 99.02 99.04 99.08 - 
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 All processes yield the desired purities, but the duration for blowdown is zero for all. 
Adsorption and rinse are sufficient to produce 90% propane, and blowdown is 
unneceaary. This confirms our earlier assertion that the 4-step process is better than the 5-
step process for both SiCHA and 4A zeolite, as far as energy demand per tonne of 
propylene feed is concerned. 
 The best SiCHA-based processes require 101 (108) kWh of energy per tonne of 
propylene for the 85/15 (50/50) feed. This confirms the assertion of Khalighi et al. (2013) 
that the separation of 85/15 feed is less energy-demanding than that of 50/50 feed. The 
best 4A-based processes require 72 (81) kWh of energy per tonne of propylene for the 
85/15 (50/50) feed. In other words, the relative separation energy demands for the two 
feeds are similar for 4A zeolite as well. The lower concentration of propylene in the feed 
necessitates a higher feed velocity, higher high pressure, higher rinse time, and lower 
evacuation pressure. All these result in higher energy consumptions for the compressors 
and vacuum pumps. 
 The energy advantage of 4A, however, comes at the cost of throughput. As we see 
from Table  5-1, the best SiCHA-based processes allow 11.07 mol/h of the 50/50 feed and 
10.56 mol/h of the 85/15 feed. In contrast, the 4A-based processes allow only 6.92 mol/h 
of the 50/50 feed and 5.29 mol/h of the 85/15 feed. Clearly, SiCHA is superior from the 
perspective of throughput. If one considers the plant cost in addition to the energy costs, 
SiCHA might prove better than 4A zeolite! Thus, it is worthwhile to consider total 
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into 99% propylene and 90% propane. Since our interest is only a relative comparison, 
we assume the following for simplicity. 
1. The monetary unit is 2012 US$. 
2. Capital annualization factor is 0.1. 
3. The process operates 8000 h per annum. 
4. It uses ܰ ≥ 2 identical beds of length ܮ and diameter ݀. Multiple columns are 
necessary to receive the propylene/propane feed in a continuous manner. 
5. A buffer with negligible cost collects the propylene product from the evacuation 
step, and decouples the operations of the evacuation and rinse steps. 
6. 3݀ ≤ ܮ ≤ 8݀ holds. This is based on expert observations (Agrawal, 2013; 
Towler, 2013) from practice that most adsorption columns in the industry obey 
these limits on L/d ratio. This is largely to limit pressure drop in a real column. 
7. The annual operating expenditure (OPEX) for the 5-step process is solely from 
the energy required for separation. 
8. The electricity tariff is 0.0671 in 2012 US$/kWh. (EMA, 2013)  
9. The total capital cost of the process is seven times the purchase cost of ܰ 
columns. 
 Using the above, the fewest columns required for a continuous feed are, 
ܰ = 1 + ඃ(ݐ௕ௗ + ݐ௥௜ + ݐ௘௩	)/(ݐ௔ௗ + ݐ௣௥)ඇ     (5.12) 













































85/15 SiCHA  L/v0= 6.4
50/50 SiCHA  L/v0= 5.2
50/50 4A   L/v0= 7.2




Figure  5.5: Effect of bed diameter on the minimum energy for SiCHA and 4A for 50/50 and 
85/15. 
Recall that we used a bed with diameter ݀଴ = 2.5 cm and length ܮ଴ = 75 cm in our 
ANFIS model, and allowed the feed flow (or inlet interstitial velocity ݒ଴) to vary. This 
may be too small to achieve a desired flow of ܨ mol/s. Thus, we need a larger column 
with diameter ݀ and length ܮ, which must now be additional variables in our cost 
optimization along with ݒ଴, bed pressures, and step durations. To avoid a new ANFIS 
model with ܮ and ݀ as variables, we devise a scale-up procedure based on the following 
three heuristics. 
Heuristic 1: The energy consumption of the 5-step PVSA process with bed length L and 
inlet interstitial velocity ݒ is depends on ܮ/ݒ. In other words, changes in ܮ and ݒ do not 
affect the energy consumption, as long as ܮ/ݒ remains the same. 
 To show the above heuristic, we tuned a separate ANFIS model for several ܮ over a 

































SiCHA 50/50 feed SiCHA 85/15 feed 4A 50/50 feed 4A 85/15 feed
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ݒ and other parameters. Figure  5.4 shows the optimal ܮ/ݒ ratios for the four adsorbent-
feed combinations at different ܮs. As we can see, the optimal ܮ/ݒ is roughly constant at 
5.14 for the 50/50 feed on SiCHA, 6.40 for the 85/15 feed on SiCHA, 7.21 for the 50/50 
feed on 4A zeolite, and 10.11 for the 85/15 feed on 4A zeolite. Figure  5.4 also shows that 
the minimum energy consumption also remains constant with ܮ for a given ܮ/ݒ. Note 
that the optimal ܮ/ݒ ratios for 4A are higher than those for SiCHA. This suggests a 
longer ܮ (thus larger column and higher capital cost) for 4A than SiCHA at a given feed 
rate. 
Heuristic 2: The energy consumption (kWh per tonne of propylene) of the 5-step PVSA 
process remains practically unchanged with bed diameter ݀ as long as ܮ and other 
parameters (ݒ, bed pressures, and step durations) remain constant. 
For this, we simulated the four minimum-energy processes from Table  5-1 for various 
݀ using COMSOL. Figure  5.5 shows that energy consumption is practically independent 
of ݀ for each solution. In other words, for any given ܮ, the largest diameter (or minimum 
ܮ/݀ ratio) will maximize the feed rate and capacity. 
 Lastly, the column in our ANFIS model was small and non-isothermal, i.e. 
allowed heat losses. In contrast, industrial columns are large and nearly adiabatic. 
Therefore, we need the following heuristic to account for the heat effects.  
Heuristic 3: While our ANFIS model is for a non-adiabatic, non-isothermal, 5-step PVSA 
process, it predicts very well the energy consumption of an adiabatic industrial column. 
In other words, the impact of heat effects on energy consumption is negligible. 
To understand the heat effects, we simulated the minimum-energy non-isothermal 
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processes reported in Figure  5.4 for various ܮ under isothermal and adiabatic conditions. 
For the former, we fixed the inside and outside heat transfer coefficients to be very large, 
and for the latter, we made the inside heat transfer coefficient zero. The energy 
consumptions for these two limits are also shown in Figure  5.4. As we can see, the effect 
of heat transfer on energy consumption is practically negligible. This validates the use of 
our ANFIS model for designing systems with larger columns. 
Heuristic 4: For this kinetically controlled PVSA process, adsorption during column 
pressurization (Step 1) should be negligible. In other words, a frozen bed assumption 
should hold for this separation. 
 From our various simulations, the average ratio of the actual amount of feed 
entering the column during pressurization to that entering a frozen bed is 1.01 for both 
SiCHA and 4A zeolite. This confirms that adsorption during pressurization can be 
neglected. Then, we can compute ݐ௣௥ as follows. 
 ݐ௣௥ = ௏బε஺బ௩బ ቀ1 −
௉ಽ
௉ಹቁ [ߝ + ߝ௣(1 − ߝ)] (5.13) 
where, ଴ܸ = ߨ݀଴ଶܮ଴/4. Eq 13 fixes ݐ௣௥, so it ceases to be an optimization variable. 
 The first three heuristics enable us to size a large column with length ܮ, diameter ݀, 
and inlet interstitial velocity ݒ to accommodate a feed of ܨ mol/s based on the simulation 
of our small ANFIS column with a feed of ܨ଴ mol/s. First, 




Heuristic 1 tells us that as long as we maintain ܮ/ݒ = ܮ଴/ݒ଴, the energy consumption 








ோ	(௞௉௔∙௖௠య∙௄షభ∙௠௢௟షభ) బ்	(௄)ቁ = (ܸ/ ଴ܸ)ܨ଴ (5.14b) 
 
where, ܸ = ߨ݀ଶܮ/4 cm3, ଴ܸ = 368.2 cm3, ଴ܶ = 353 K is the feed temperature, and 
ܴ = 8314	݇ܲܽ ∙ ܿ݉ଷ ∙ ܭିଵ ∙ ݉݋݈ିଵ. 
From eq. 5.14, the annual OPEX for the 5-step process of capacity ܨ mol/s is, 





          (5.15) 
where, ݖଵ is the mol fraction of propylene in the feed, ܯ is its molecular weight (g/mol), 
and ܹ is the specific energy consumption. 
 For computing the annual capital expenditure (CAPEX), we use the following 
correlation (Turton et al., 2008) for the purchase cost (ܲܥ) of a column: 
 log൫ܲܥ௥௘௙൯ = 3.4974 + 0.4485 log(ܸ) + 0.1074[log	(ܸ)]ଶ 
 ܲܥ	(2012	ܷܵ$) = ହ଼଺ଷ଼ଶ × ܲܥ௥௘௙ 
 ܥܣܲܧܺ	 ቀଶ଴ଵଶ	$௬௘௔௥ ቁ = 0.7 ×
ହ଼଺
ଷ଼ଶ × ܰ × ܲܥ௥௘௙     (5.16) 
 From eqs. 5.15 and 5.16, we get ܶܣܥ	 = 	ܥܣܲܧܺ	 + 	ܱܲܧܺ as the objective 
function for our GA-based optimization. 
 ܯ݅݊݅݉݅ݖ݁	ܼ = ܱܲܧܺ + ܥܣܲܧܺ + ߣ(min[0, 99 − ଵܲ] + min	[0, 90 − ଶܲ]) (5.17) 
where, ߣ = 15000 for SiCHA and ߣ = 10000	or 4A zeolite. Note that ܮ and ܦ are 
not in the objective function, and ܸ = ቀிிబቁ ଴ܸ. Thus, the variables in our optimization are 
ݒ଴, bed pressures, and step durations except ݐ௣௥. Once we know the best value for ܨ଴, we 
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can compute ݀ = ඥ4ܸ/(3ߨ)య  and ܮ = 3݀. 
For ܨ = 10 mol/s (12,700 tonne/year of the 50/50 feed and 12,500 tonne/year of the 
85/15 feed), our optimization gives the best 5-step processes in Table  5-2 for the four 
feed-adsorbent scenarios. First, Step 3 (blowdown) again has zero duration. Thus, the 5-
step process is worse than the 4-step process for SiCHA and 4A zeolite from both energy 
and cost perspectives. Second, the minimum-TACs (7.78 $/tonne propylene for the 50/50 
feed and 7.04 $/tonne propylene for the 85/15 feed) for SiCHA are higher than those 
(6.51 $/tonne propylene for the 50/50 feed and 5.44 $/tonne propylene for the 85/15 feed) 
for 4A zeolite. Thus, separation using 4A zeolite is cheaper than that using SiCHA 
zeolite, and the 85/15 feed is cheaper to separate than the 50/50 feed. 
 Since we did not assume frozen bed for the minimum energy results in Table  5-1, 
we ran our optimizations again with the frozen bed assumption. Table  5-3 also lists the 
results for the min-energy processes with the frozen bed assumption. We see that the 
energy consumptions for the min-TAC processes are higher than those for the min-energy 
processes, as the optimizer increases energy consumption slightly to reduce column size. 
However, they are not too far away from the minimum energy consumptions, as OPEX 
dominates CAPEX in this separation. Finally, as expected, the TACs for the min-energy 








Table  5-2: Comparison of 4A zeolite and SiCHA based on minimum-energy PVSA processes 
for two industrially relevant feeds. 
SiCHA 4A zeolite 
Decision parameters 50/50 85/15 50/50 85/15 
v0 (cm/s) 33.23 24.56 18.78 15.73 
tad (s) 231 261 168 197 
tri (s) 43 51 36 40 
tbd (s) 0 0 0 0 
tev (s) 356 411 289 363 
PH(kPa) 401.32 432.69 321.35 371.82 
PL (kPa) 31.03 36.82 21.54 38.93 
PM (kPa) 0 0 0 0.00 
G 0.64 0.47 0.67 0.39 
Propane Recovery (%) 99.19 99.12 99.11 99.17 
Propylene Recovery (%) 89.02 89.05 89.07 89.04 
Propane Purity (%) 90.03 90.05 90.07 90.05 
Propylene Purity (%) 99.1 99.02 99.01 99.08 
W (kWh/tonne propylene) 110 104 83 75 
L0/v0 2.26 3.05 3.99 4.77 
F0 (mol/s) 9.59E-03 7.64E-03 4.34E-03 4.21E-03 
tpr (s) 3.05 4.09 5.45 6.25 
F (mol/s) 10 10 10 10 
N 3.00 3.00 3.00 3.00 
Volume (m3) 0.38 0.48 0.85 0.88 
capex ($/year) 6.88E+03 7.48E+03 9.42E+03 9.55E+03 
opex ($/year) 4.46E+04 7.17E+04 3.37E+04 51742.15 
TAC ($/year) 5.15E+04 7.92E+04 4.31E+04 6.13E+04 
TAC ($/tonne propylene) 7.78 7.04 6.51 5.44 
D (cm) 54.62 58.91 71.14 71.88 
L (cm) 163.85 176.73 213.41 215.65 








Table  5-3: Comparison of 4A zeolite and SiCHA based on minimum-energy PVSA processes 
for two industrially relevant feeds and using frozen bed assumption. 
SiCHA 4A zeolite 
Decision parameters 50/50 85/15 50/50 85/15 
v0 (cm/s) 15.01 12.31 11.18 8.06 
tad (s) 196 253 146 182 
tri (s) 57 60 50 46 
tbd (s) 0 0 0 0 
tev (s) 333 405 259 315 
PH(kPa) 300.01 345.65 300.21 277.64 
PL (kPa) 28.01 31.21 35.28 46.19 
PM (kPa) 0 0 0 0.00 
G 0.52 0.43 0.6 0.45 
Propane Recovery (%) 99.16 99.06 99.11 99.12 
Propylene Recovery (%) 89.01 89.05 89.04 88.98 
Propane Purity (%) 90.02 90.05 90.05 90.02 
Propylene Purity (%) 99.04 99 99.05 99.07 
W (kWh/tonne propylene) 108.68 101.54 81.89 72.94 
L0/v0 5.00 6.09 6.71 9.31 
F0 (mol/s) 3.24E-03 3.06E-03 2.41E-03 1.61E-03 
tpr (s) 6.63 8.11 8.67 11.36 
F (mol/s) 10 10 10 10 
N 3.00 3.00 3.00 3.00 
Volume (m3) 1.14 1.20 1.53 2.29 
capex ($/year) 1.07E+04 1.10E+04 1.23E+04 1.52E+04 
opex ($/year) 4.41E+04 7.01E+04 3.32E+04 50320.97 
TAC ($/year) 5.48E+04 8.11E+04 4.56E+04 6.55E+04 
TAC ($/tonne propylene) 8.28 7.20 6.88 5.82 
d (cm) 78.43 79.93 86.50 99.02 
L (cm) 235.29 239.78 259.51 297.06 
Velocity (cm/s) 47.09 39.36 38.68 31.92 
 
Finally, to confirm that the energy predictions remain valid through our scale up 
procedure, we simulate both the small column and the large scaled-up column using both 
COMSOL and ANFIS. Table  5-4 shows that the purities, recoveries, and energy 
consumptions for the small columns are reasonably close. Therefore, the ANFIS model is 
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compared to SiCHA. However, the minimum energy process for a 4A zeolite needs 
larger columns (more capital cost) than SiCHA. Unless the capital costs for this 
separation are comparable to the operating costs, 4A zeolite seems a better adsorbent. 
Our total annualized cost optimizations based on some simple assumptions confirm this 
conclusion, as the total cost of separation for 4A zeolite is lower than that for SiCHA. 
The minimum-TAC processes use slightly higher energy (kWh per tonne of propylene 
fed) than the minimum-energy processes to reduce capital costs. This works confirms that 
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2- A new 8-ring zeolite, pure silica chabazite (SiCHA), has been studied in this 
work. The diffusion of propane in SiCHA is extremely slow, thus making 
equilibrium information for propanevery challenging. Therefore propane 
equilibrium parameters have been indirectly estimated using available 
experimental uptake data and validated using molecular simulation. Using a 
combination of experimental and estimated equilibrium parameters, and 
experimental kinetic parameters, a 4-step PVSA process with SiCHA including 
pressurization, adsorption, rinse and evacuation step is developed to separate 
propylene/propane mixture. Two main industrially relevant feed compositions, 
such as 50/50 propylene/propane and 85/15 propylene/propane, are studied for 
this separation.  It has been demonstrated that the process can deliver the 
industrial requirements of 99% propylene and 90% propane products. 
3- In this work, the performance of two adsorbents, SiCHA and 4A zeolite which 
have the highest kinetic selectivity among the available adsorbents is studied. This 
comparison bases on optimization results. This study detects the best adsorbent 
along with best PVSA process. Our assessment criteria are the energy 
consumption per tonne of propylene of the PVSA process and total annualized 
cost for a fixed propylene/propane feed rate. This work optimizes four processes, 
50/50 and 85/15 propylene/propane feed using SiCHA and 50/50 and 85/15 
propylene/propane feed using 4A. It is assumed a low temperature of 353 K to 
increase kinetic selectivity. For both adsorbents, this study uses surrogate neuro-
fuzzy models to predict this rigorous simulation model and optimize the processes 
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6- To find a possible procedure to synthesize a SiCHA with higher equilibrium 
selectivity for propylene and propane. It should increase the kinetic selectivity as 
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